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Abstract 
Raman microprobe spectra of the clay mineral Wyoming SWy-2-sodium 
montmorillonite intercalated with the surfactants, methyltrioctadecylammonium bromide 
(TOMA) dimethyldiotadecylammonium bromide (DODMA) and octadecyl-
trimethylammonium bromide (ODTMA), have been measured in the CH2 stretching 
region at external pressures up to ~40 kbar with the aid of a diamond-anvil cell. In the 
case of the intercalated clays containing TOMA and DODMA, the Raman data afford 
evidence for gauche to trans conformational changes in the orientation of the CH2 chains 
in the surfactants with increasing pressure. These conformational changes are reversed 
completely upon the release of pressure.  
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Introduction 
Clay minerals encompass a huge family of materials that are widespread 
throughout the world and are used in many different industries, e.g., ceramics [1], 
catalysts [2,3], adsorption [4-6], electron-transfer devices [7] and photography [8]. 
Although clay minerals are also present in sedimentary rocks way below the Earth’s 
surface, where the pressures are enormous, there have only been a few studies on the 
effect of high pressures on such materials [9]. In the present work, Wyoming SWy-2 
sodium montmorillonite (SWy-2-MMT) was selected as an archetypical clay mineral that 
could be easily modified by intercalation with surfactants, such as 
methyltrioctadecylammonium bromide (TOMA), dimethyldiotadecylammonium bromide 
(DODMA) and octadecyltrimethyl-ammonium bromide (ODTMA), and then subjected to 
high pressures in a diamond-anvil cell. These modified clays are of considerable interest 
themselves because of their useful adsorption properties, for example, in the removal of oil 
from water and toxic chemicals from water and humic materials [10-12], and as adsorbents 
for organic pollutants [13,14],  rheological control agents [15], and reinforcing fillers for 
plastics and electric materials [16-18]. Our particular objective was to examine the 
Raman spectra of these clay hybrid materials under high external pressure to determine 
whether or not any pressure-induced structural changes occurred in the clays and/or the 
surfactants and, if so, might such intercalated species be considered as model compounds 
for clay minerals extant in the Earth’s mantle.  
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Experimental 
The Wyoming SWy-2-Na-montmorillonite used in this work was supplied by the 
Clay Minerals Society and originated from the cretaceous Newcastle formation, Crook 
County, Wyoming, USA. The cation exchange capacity (CEC) was 76.4 meq/100 g and 
its chemical composition was SiO2 62.9%, Al2O319.6%, Fe2O3 3.35%, MgO 3.05%, 
CaO 1.68%, Na2O 1.53%. The formula of the sodium montmorillonite can be expressed 
as (Ca0.12Na0.32K0.05)[Al3.01Fe(III)0.41Mn0.01Mg0.54Ti0.02][Si7.98Al0.02]O20(OH)4. The clay 
was used as received. The three surfactants selected for the intercalation experiments 
were methyltrioctadecylammonium bromide (TOMA, C35H114BrN, mol wt = 869.40), 
dimethyldiotadecylammonium bromide (DODMA, (C38H80BrN, mol wt = 630.95) and 
octadecyltrimethylammonium bromide (ODTMA, C21H46
 
NBr, mol wt = 392.52) and 
were used as supplied by Sigma-Aldrich. The detailed syntheses of the surfactant-clay 
hybrids, TOMA-SWy-2-MMT, DODMA-SWy-2-MMT and ODTMA-SWy-2-MMT, 
have been reported recently [19].  
The Raman spectra were recorded on a Renishaw inVia spectrometer. The 520.5-
nm Si-Si stretching band of a silicon wafer was employed in the calibration of the 
spectrometer. The resolution employed was ~1.0 cm-1 and an Ar-ion laser operating at a 
wavelength of 514.5-nm and a maximum power of 12 mW was used as the excitation 
source. The Raman spectra were generated using the Renishaw WiRE 2.0 software and 
the band positions reported are considered to be accurate to at least ±1 cm-1.  Pressures up 
to 40 kbar were achieved using a diamond-anvil cell (DAC) purchased from High 
Pressure Diamond Optics (Tucson, Arizona, USA). A 200-µm thick stainless-steel gasket 
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with a 300-µm hole drilled in the center was placed between the two diamond anvils. 
Using an optical microscope, the clay sample and a few minute ruby chips as internal 
pressure calibrant were placed in the hole. The pressure inside the DAC was determined 
from the position of the R1 fluorescence line of ruby when excited with the 514.5-nm Ar-
ion laser source (20). The DAC was mounted on a modified XY-translation stage and the 
set-up was aligned on the Renishaw spectrometer using a Leica microscope equipped 
with a 20X long-range objective. The spectra obtained were the result of 10-s exposures 
and 30 accumulations. For each clay sample, two independent series of measurements 
were performed and these were in agreement with one another. The data from only one 
series of measurements are reported here. 
 
Results and Discussion 
The Raman bands observed in the CH2 stretching region at ambient pressure for 
the three intercalated clay minerals (Table 1) are in good agreement with previously 
published data for a closely related sodium montmorillonite clay material intercalated 
with dioctadecyldimethylammonium bromide (DODAB) [21]. The wavenumber regions 
associated with the symmetric [νsym(CH2)] and antisymmetric [νasym(CH2)] stretching 
modes are 2850-2845 and 2895-2880 cm-1, respectively; representative Raman spectra 
obtained at ambient pressure are shown in Fig. 1. In all three cases, the higher energy 
νasym(CH2) mode appears as the more intense band. There is also weaker, broad feature 
present centered at ~2940 cm-1, which is thought to be the first overtone of a CH2 
bending mode located at about 1470 cm-1 [22]. In the ATR-IR spectrum of ODTMA-
SWy-2-MMT, the νsym(CH2) and νasym(CH2) modes have been attributed to bands located 
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at somewhat higher energies of 2906 and 2922 cm-1, respectively [19]. There are often 
significant differences for IR and Raman spectra of solid materials [23]. 
 
When high-pressure Raman spectroscopy measurements were undertaken using 
the DAC, the signals from ODTMA-SWy-2-MMT proved to be too weak for analysis. 
However, the application of pressure to both TOMA-SWy-2-MMT and DODMA-SWy-
2-MMT causes the νsym(CH2) and νasym(CH2) modes of these materials to shift towards 
higher wavenumbers, as is usually the case in such high-pressure vibrational studies [24]. 
The symmetric CH2 stretching band gradually loses intensity and eventually merges into 
the neighboring band leaving only a broad, asymmetric feature. The pressure 
dependences (dν/dP) of these two bands throughout the ambient to 40 kbar range, from 
least-squares regression analyses, are 1.10 and 1.12 cm-1 kbar-1 for TOMA-SWy-2-MMT 
and DODMA-SWy-2-MMT, respectively. These values are fairly typical for C-H 
stretching vibrations in hydrocarbons, e.g., dν/dP values of 1.23 and 1.62 cm-1 kbar-1 have 
been reported for solid cyclohexane [25].  Figs. 2 and 3 depict the changes in the Raman 
spectra of the two clay materials with pressure. Upon decompression, the original spectra 
are recovered in both cases. 
 
Analyses of the Raman data for long-chain hydrocarbons [26-28] and modified 
montmorillonite clays [29] have been the subject of many papers in the literature. A low 
intensity for the antisymmetric CH2 stretching mode is considered to be associated with 
high gauche conformer content and the absence of any intermolecular interactions. On 
the other hand, a strong νasym(CH2) mode suggests the presence of significant 
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intermolecular interactions and a trans configuration. Under compression, the surfactant 
molecules should be more densely packed inside the clay and the hydrocarbon chains will 
become increasingly locked into the siloxane structure thereby, presumably, leading to a 
change in the gauche-trans conformer ratio, which should be reflected in the relative 
intensities of the νsym(CH2) and νasym(CH2) stretching vibrations.  Upon the application of 
pressure, TOMA-SWy-2-MMT and DODMA-SWy-2-MMT behave similarly.  Initially, 
there is a mixture of gauche-trans conformers with apparently relatively few 
intermolecular interactions. As the pressure is increased, however, the proportion of trans 
conformer becomes greater and there is also an increase in the extent of intermolecular 
interactions. At pressures close to 40 kbar, essentially only the trans conformer is present 
(Figs. 2 and 3).  When the pressure is released, the initial Raman spectra are obtained 
indicating a complete reversal in the gauche-trans conformer ratio reflecting a relaxation 
in the compression of the hydrocarbon chains within the siloxane structure of the clay 
mineral.  
 
Conclusions 
Quite subtle pressure-induced changes in the structures of intercalated sodium 
montmorillonite clay minerals can indeed be detected by DAC-Raman microprobe 
spectroscopy in the CH2 stretching region. Such studies may well help in the future to 
provide additional information for predictions of the behavior of clay minerals under high 
pressures in the Earth’s mantle. 
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Figure 2.  
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Figure 3. 
Table 1: Raman data (cm-1) for the sodium montmorillonite clay samples in the CH2 stretching region at ambient pressure.  
__________________________________________________________________________________________ 
vib. assign. TOMA-SWy-2-MMT  DODMA-SWy-2-MMT     ODTMA-SWy-2-MMT 
__________________________________________________________________________________________ 
νs(CH2)  2847    2846      2850 
νas(CH2)  2882    2892a      2883b 
__________________________________________________________________________________________ 
adν/dP = 1.10 ± 0.03 cm-1 kbar-1 from a least-squares regression analysis. 
bdν/dP = 1.12 ± 0.03 cm-1 kbar-1 from a least-squares regression analysis. 
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List of Figure Captions  
 
Figure 1: Raman spectra for the three intercalated sodium montmorillonite clay samples 
at ambient pressure in the CH2 stretching region. 
 
Figure 2: Raman spectra of TOMA-SWy-2-MMT at various pressures in the CH2 
stretching region. 
 
Figure 3: Raman spectra of DODMA-SWy-2-MMT at various pressures in the CH2 
stretching region. 
 
 
